Introduction
aerosol processes like flame hydrolysis and flame spray pyrolysis combine scalability and time efficiency while allowing good control of particle sizes in the nano-regime. Nano-sized fumed silica, titania and carbon blacks are in fact commercially produced in large quantities by aerosol flame processes [28] . Here we report production of LMS by an alternative novel synthesis route, namely liquid-feed flame spray pyrolysis (FSP), combined with a reducing heat treatment and carbon coating as an excellent scalable and time-efficient route to obtain nano-sized LMS. We especially highlight the importance of solution combustibility towards the morphology and thus the electrochemical performance of the final product. In addition, influences on XRD phase purity dependent on Mn stoichiometry are discussed and the structural degradation is investigated by in situ XRD during galvanostatic cycling.
Experiment Sample preparation
Two different kinds of precursor solution for FSP were investigated. The first approach was a solution based on a water-to-EtOH ratio of 1:5 by volume. 0.06 mole dried LiNO 3 (Alfa Aesar, 99%) and 0.03 mole Mn(NO 3 ) 2 • 4H 2 O (Merck Ensure for analysis, >98%) were dissolved in 20 ml deionised H 2 O and added to a solution of 0.03 mole tetraethyl orthosilicate (TEOS) (VWR 99%) in 80 ml EtOH under vigorous stirring. In the second approach the solution was based on a p-Xylene-to-EtOH ratio of 1:5 by volume. The same Li, Mn and Si precursors were dissolved in 100 ml EtOH at 50 °C under vigorous stirring and prior to pyrolysis 25 ml p-Xylene was added as a fuel enhancer. Following this route, samples with 6 and 9 mole% Mn sub-stoichiometry were also produced. FSP was performed on a NPS10, Tethis S.p.A. The solutions were sprayed into a CH 4 /O 2 (flow rate: 1.5/3 l min . The pressure drop (dispersion gas at the nozzle tip) was set to ~2.0 bar and the powders were collected on a glass microfiber filter (Whatman GF6). After FSP the as-pyrolysed precursors were mixed with 25 wt.% corn-starch (Carl Roth GmbH & Co. KG for laboratory use) and wet ball milled for 10 h using YSZ grinding balls (Ø 5 mm) and EtOH as a dispersant in a 125 ml polyethylene bottle. As a final step the precursor mixtures were heat treated in a reducing atmosphere (5% H 2 in Ar: flow rate 25 l h ) at three different temperatures, 550, 600 and 650 °C and different dwell times. The heating and cooling rate was in all cases 200 °C h −1 . The final heat treatment parameters were 650 °C for 10 h in all cases. For clarity reasons a sample index comprising the differences of the synthesised samples is given in table 1.
For cathode preparation a slurry containing 75 wt.% active material, 15 wt.% conductive carbon (Super P Timcal) and 10 wt.% polyvinylidene fluoride (PVDF) (Kynar, reagent grade) as binder dispersed in N-Methyl-2-pyrrolidone (NMP) (Sigma Aldrich >99%) was prepared and tape cast on Al foil as a current collector and dried for 12 h at 90 °C in a vacuum oven. The solid load was about 1 mg cm −2 .
Characterisation
Phase formation and structural analysis of the samples was performed by x-ray powder diffraction. XRD patterns were recorded on a Bruker D 8 Advance Da-Vinci, equipped with a linear PSD detector working in Bragg-Brentano (Θ/2Θ) geometry. All powder patterns were recorded using Cu K α radiation (1.540 60 Å). Patterns for phase formation analysis were recorded from 15 to 75° 2Θ with a step-size of 0.013 ° and an integration time of 0.75 s. For structural analysis, patterns were recorded from 15 to 140° 2Θ with a step-size of 0.013° and an integration time of 1 s. Structural refinements were performed with Topas (Bruker AXS Version 4.2). A Pearson approximation (PVII) was applied to refine the peak shapes. All atomic positions not fixed by Pmn2 1 geometry were allowed to converge, starting with the heaviest element. Refinements were also used to quantify the phase fraction of powder diffraction patterns. Details about in situ XRD measurements are given in the next paragraph. The surface area and pore distribution of the materials was measured by nitrogen adsorption on a Micrometrics Tristar 3000, according to BET, BJH and T-plot theory. All samples were vacuum dried at 250 °C for 24 h prior to analysis. Thermogravimetric analysis (TGA) was performed to measure the carbon content of the samples using a Netzsch STA 449C Jupiter thermo analyser. The materials were heated to 850 °C in synthetic air (30 ml min −1 ) at a heating rate of 10 °C min . The morphology of the samples was further studied by electron microscopy. 3D information was gathered on a Zeiss Supra 55 VP field emission electron microscope. Furthermore, high magnification micrographs were recorded using a double Cs corrected cold field emission gun JEOL JEM-ARM200F (scanning) transmission electron microscope ((S)TEM). Samples for microscopy investigations were dispersed in EtOH and sonicated for 20 min. A small droplet of the powder/alcohol suspension was placed on a FE-SEM sample holder or an amorphous carbon coated Cu TEM grid, respectively.
Electrochemical characterisation
The electrochemical properties of the prepared LMS cathode materials were assessed by galvanostatic chargedischarge measurements on a Maccor 4200. All measurements were performed at room temperature. The applied potential window and C rate are given in the corresponding sections. For a more comparable charge rate C, the theoretical capacity of the exchange of one Li per formula unit was taken into account. For mathematical simplicity the charge rate was defined as a current density of 160 mA g −1 = 1C. CR2016 coin cells were assembled in a glove box (dry Ar atmosphere) using a 16 mm circular LMS cathode, a circular Li disc as the anode and a Celgard 2400 film as the electrode separator. Commercial 1 M LiPF 6 dissolved in a 1:1 volume ratio of ethylene carbonate / diethyl carbonate solution (Aldrich Battery grade) was used as the electrolyte. Additionally, the structural changes of LMS were investigated by in situ XRD experiments during the first two galvanostatic cycles. A conventional pouch cell was assembled for in situ experiments. The electrodes, separator and electrolyte were the same as previously described. An image of the experimental setup and a description of the in situ pouch cells are shown in the supplementary information (stacks.iop.org/TMR/3/025001/mmedia). The cell was galvanostatically cycled on a Princeton Applied Research Parstat 4000 at C/16 rate starting from OCP. The potential window was 1.5-4.7 V and the cell was cycled twice. The in situ XRD patterns were recorded continuously on a Bruker D 8 Advance Da-Vinci with a LynxEye Xe detector working in Bragg-Brentano (Θ/2Θ) geometry using Mo K α radiation in transmission mode. Scans were recorded from 11.7 to 15.8° 2Θ (step-size of 0.015°, integration time 3 s). The in situ measurement is presented as a level plot. Due to the additional layers of Al, PE and Li that the beam had to penetrate in transition mode, the observable 2Θ region without interference from the cell components was limited to the abovementioned 2Θ values. Furthermore, pre-and post-ex situ analysis scans of the cathode were recorded from 15 to 75° 2Θ (step-size of 0.013°, integration time 1 s) using Cu K α radiation.
Results and discussion

Structural evolution
All as-pyrolysed powders consisted of a mixture of crystalline Li 2 CO 3 and Li-Mn oxides. Si containing oxides could not be detected by XRD and were probably present in an amorphous state. The lack of LMS phase formation during pyrolysis was expected due to the extremely short residence time of the particles in the temperature zone. Further, the oxidising conditions of the CH 4 /O 2 flame caused Mn oxidation and thus hindered phase formation. An XRD pattern of the as-pyrolysed powder is given in the supplementary information. The as-pyrolysed samples were then mixed with 25 wt.% corn-starch as a carbon source. Amongst other studies, we previously demonstrated that uncoated LMS has a very low electrochemical activity and thus any characterisation of uncoated LMS samples was omitted in this study [24] . The powder-corn-starch mixture was then heat treated at 550, 600 and 650 °C with a dwell time of 10 h in flowing 5% H 2 95% Ar. Figure 1 shows the corresponding XRD patterns of LMS @ EtOH and LMS @ Xylene.
The crystalline fraction of samples heat treated at 550 °C consisted mainly of different Mn oxides while Li-and Si-containing compounds remained amorphous. The onset of phase formation was, in both cases, detected for samples heat treated at 600 °C and the main phase was, in both cases, dominant at 650 °C. In the case of LMS @ EtOH, traces of MnO and Li 2 SiO 3 were detectable, while for LMS @ Xylene, only traces of MnO were detected. But in both cases the main pattern could be clearly attributed to orthorhombic Pmn2 1 LMS [6] . Reported higher heat treatment temperatures (700-800 °C) often result in a mixture of Pmn2 1 and Pmnb LMS. This is clearly recognisable from the appearance of a peak at about 30.6° under Cu K α radiation, which is sometimes disregarded or misinterpreted as a secondary phase [27, 29, 30] . To prevent this polymorph mixture we limited the heat treatment temperature to 650 °C. In addition, the influence of the dwell time was investigated for the LMS @ Xylene sample. Shorter dwell times resulted in incomplete phase formation, saturation was observed at about 8-10 h, thus all further samples were prepared using these heat treatment parameters. The corresponding figure is shown in the supplementary information. Morphological investigations presented in the next chapter show LMS @ Xylene to be more promising, thus further improvements and characterisation were carried out. As shown in figure 1(b) there are still traces of MnO present next to the main phase. According to preliminary refinements, about 3 wt.% of the phase fraction can be attributed to MnO. This could imply that the synthesised LMS @ Xylene is present in a Mn deficient form. We hence attempted to produce nominal sub stoichiometric LMS @ Xylene, namely LM0.94S @ Xylene and LM0.91S @ Xylene by subsequently reducing the Mn(NO 3 ) 2 • 4H 2 O precursor by 6 and 9 mole%. that the error of crystalline quantifications might be as large as 5%, but the significant decrease in peak intensity of the MnO phase strengthens the reliability of the values. The lattice parameters of the refined orthorhombic Pmn2 1 structure of LM0.94S @ Xylene are a = 6.313 Å, b = 5.383 Å and c = 4.970 Å. The lattice parameters of the other two compositions synthesised by Xylene-assisted FSP are very similar and they all agree with data from the literature [6] . Figure 2 (a) and table 2 show that the MnO secondary phase is reduced but does not disappear even at 9 mole% Mn sub-stoichiometry. For the stoichiometric and 6 mole% Mn sub-stoichiometric samples MnO was the only detectable secondary phase, but when the Mn concentration is further reduced, Li 2 SiO 3 emerges and no further reduction of the MnO phase is observed. This could be caused by only a small difference in energy of formation of MnO and LMS and the tolerance of LMS for Mn deficiency resulting in a low driving force for phase combination at the given temperature. In fact, the appearance of MnO as the only visible secondary phase, even for samples with reduced Mn content, indicates that LMS samples synthesised in this study are Mn deficient. The amount of MnO at 6% and 9% Mn sub-stoichiometry is low, but relatively comparable, and hence strengthens the conclusion. This could be charge compensated either by vacancies in the oxygen sub-lattice or by a partial oxidation of Mn 2+ to Mn 3+ to maintain electro-neutrality. It is noteworthy that all refinements underestimate the Mn 2a occupancy to values about 0.7-0.75 without showing high values of Li/Mn site reversal. Mn 2+ on a Li-site would cause changes in the diffraction pattern due to the much higher electron density. On the other hand, it could hardly be distinguished whether a Mn site is actually vacant or occupied by Li due to the very low electron density of Li + . Dominko et al explained this phenomenon with disorder [6] . Some of the Mn atoms could occupy states in the interstitial octahedral voids. This would explain the remaining mismatch between the observed and the calculated XRD patterns and the underestimated Mn occupancy. Further details of all refinements are shown in the supplementary information.
Influence of precursor solution combustibility and final heat treatment on the powder morphology
The precursor solution, or in other words the fuel for the FSP process, had a major impact on the morphology of the final powders. Since LMS shows rather poor electronic and ionic conductivities, the particle size is very important for the electrochemical properties. Furthermore, porosity in the meso and macro range is beneficial to maximise the contact area of the cathode material and the electrolyte and thus enhance the electrochemical kinetics. Table 3 shows the surface area values divided into the micropore area and external surface area and the residual carbon content of the sample measured by TGA. We define the external area by the part of the total BET surface area that is not attributed to microporosity, which is by definition smaller than 2 nm in diameter. We have previously shown that to a great extent the micropore area can be attributed to porosity in the amorphous carbon coating [24] .
All LMS samples showed a very similar carbon content of about 6 wt.%. Further, all Xylene-assisted FSP samples showed 20-30% larger external surface areas compared to the LMS @ EtOH sample. SEM analysis revealed major morphological differences between samples produced with and without Xylene addition. Figure 3 shows SEM micrographs of LMS @ EtOH and LMS @ Xylene, where (a) and (c) show the corresponding powders as received from FSP and (b) and (d) the final powders of LMS @ EtOH and LMS @ Xylene, respectively. The carbon former hinders exaggerated particle growth during heat treatment and the nanoparticles prepared by the FSP process remain preserved after the powders were heat treated and carbon coated [24] . Both powders consist of porously agglomerated nanograins but the as-pyrolysed and final powder of LMS @ EtOH exhibited a large number of dense spherical particles in the sub-μm and μm regime. These particles were also present in the LMS @ Xylene sample but in a much lower quantity. The appearance of spherical dense particles during conventional spray pyrolysis is well known and caused by volume precipitation during pyrolysis [31] . The reduced density of these spherical sub-μm particles can be directly linked to the combustibility of the precursor solution, which in case of the EtOH/p-Xylene solution is enhanced compared to the EtOH/H 2 O solution. A similar phenomenon was observed by Dahl et al during the comparison of different solvents used for FSP of binary oxides [32] .
TEM/STEM analysis further revealed that the LMS @ Xylene sample consists of nanoparticles with a mean particle size of about 20 nm ranging from 10 to 40 nm. For this analysis the remaining few spherical sub-μm particles were omitted. This fits well with the calculated crystallite size from XRD data. Bright-field TEM and STEM images are given in figure 4 . In the STEM micrograph the amorphous carbon layer surrounding the grains and the crystal orientation are also indicated.
The impact of precursor combustibility on the electrochemical performance
As mentioned in the previous section, the precursor solution combustibility resulted in quite noticeable morphological changes. Large micron-sized particles or dense agglomerates in the same range are undesirable for materials offering low ionic and electronic conductivity values like LMS. To verify the influence of the morphology, cathodes were fabricated from all synthesised LMS powders and galvanostatically cycled in a potential window of 1.5-4.7 V at room temperature and C/16 rate. All samples suffered from an irreversible capacity loss (ICL) of about 30% in the first cycle. This loss can partly be attributed to parasitic oxidation reactions of the electrolyte and interphase formation but also the structural degradation must be considered. The structure may already completely collapse during the first oxidation and does not allow full relithiation upon reduction. Despite the ICL, which is present in all cases, a tremendous increase in discharge capacity of over 100% from 80 to about 170 mAh g −1 is visible when comparing LMS @ EtOH with the Xylene-assisted samples. In the Mn sub-stoichiometry series almost no difference in discharge capacity was detectable, which is probably due to comparable phase purity and the fact that all synthesised samples showed a Mn stoichiometry <1 according to XRD data. The second charge profile looks completely different from the first one, which indicates structural changes. This behaviour is well known and understood for Li 2 FeSiO 4 , where the delithiation is shifted to lower potentials caused by structural rearrangements [33] [34] [35] [36] . In contrast, not only is the onset of oxidation lowered, but the slope of the charge curve is also much steeper without any plateau-like regions, which could be explained by the loss of crystallinity and thus order. The discharge profile in the second cycle remains the same but a loss in discharge capacity of about 10-15 mAh g −1 is observed. The differential capacity curves resemble this behaviour and are in agreement with cyclic voltammetry studies and differential capacity studies in the literature [21, 23, [37] [38] [39] /Mn 4+ redox couples [21] . Whether that is the case, or the second oxidation is hidden in the asymmetry on the right hand side of the peak, cannot be concluded. The first cathodic polarisation shows two broad peaks. The first minor peak, only visible as a shoulder, is located at about 3.9 V. The main signal peaks at about 3 V. The splitting into two extremely broad peaks is related to the structural degradation. The chemical environment of a cation has a huge influence on its redox potential. In this case, the shoulder at higher potentials is believed to correspond to Mn still in its initial coordination, whereas the main peak at lower potential shows Mn in an altered environment. The onset of oxidation upon the second anodic polarisation is lowered to 2.8 V. Furthermore, do the structural changes cause an extremely broad peak which does not allow for conclusions if it is attributable to one or two redox couples? The second cathodic polarisation resembles the first cycles with a slight decrease in the overall signal. This fade in capacity makes it more challenging to investigate the rate capability since the discharge capacity is influenced by both the number of cycles the battery was tested for and the charge rate. Figure 6 (a) shows the first discharge capacity of LM0.94S @ Xylene at four different rates ranging from C/50 to C/2. The coulombic efficiency is in all cases about 70%. The inset shows the first 20 cycles of the same materials at C rates from C/2 to 5C. Furthermore, the capacity fade with respect to the potential window, and thus the amount of Li extracted/inserted for 150 cycles, is shown in figure 6(b) . , respectively. Additionally, it has to be considered that capacities reported here are with respect to the LMS/C where the amorphous carbon coating acts as conductivity enhancer. To obtain the specific capacity of the bare silicate the weight of the carbon coating (6 wt.%) needs to be subtracted which leads to values of ~180 and 200 mAh g −1 at C/16 and C/50, respectively. Both values cannot be solely attributed to the Mn 3+/
Mn
2+ redox couple, especially considering that the charge capacity is 30% higher. It is believed that the second Li is mobilised to a certain amount at slow C rates by the Mn 4+ /Mn 3+ redox couple. Figure 6 (b) shows the known capacity decay of LMS to be directly related to the potential window of operation and thus to the amount of Li being extracted from the structure during each charge. LM0.94S @ Xylene was cycled in two different potential windows, 1.5-4.7 and 2-4.4 V at C/4. The sample cycled in the large potential window showed an initial discharge capacity of 156 mAh g −1 . After 20 cycles the capacity dropped to 58 mAh g −1 , which corresponds to capacity retention of only 37% On the other hand, the sample cycled in the smaller potential window retained 62% of its initial value of 112 mAh g −1
. It can be concluded that the capacity decay is directly linked to the amount of Li removed from the structure and thus the oxidation state of Mn. To further confirm that the ICL in the first cycle cannot be solely attributed to unwanted oxidation reactions, we attempted to completely mobilise the first Li at lower potentials. This was accomplished by inserting a potentiostatic step in the galvanostatic cycling program. LM0.91S @ Xylene was charged at C/16 to a moderate potential of 4.2 V and kept at this potential until the current density dropped to a value of 0.005 C. Afterwards it was discharged at C/16 to 1.5 V and subsequently cycled again without the potentiostatic step. The result of the experiment is shown in figure 7 .
The charge capacity of 163 mAh g −1 fits well with the theoretical capacity of the one-electron reaction, especially considering the carbon coating and the fact that the studied LMS samples show slight Mn sub-stoichiometry. The corresponding discharge capacity was only 134 mAh g , hence still showing a prominent ICL of 18% even at potentials well within the kinetically controlled stability range of the electrolyte [40] . In order to further confirm that the capacity decay is caused by irreversible amorphisation, the structural evolution of LM0.94S @ Xylene was monitored during the first two galvanostatic cycles in a pouch cell by in situ x-ray diffraction using Mo K α radiation in transmission mode. The corresponding in situ level plot is shown in figure 8 . The 2Θ range was limited to 11.7-15.8°. In this range the (1 1 1) (2 0 0) and (2 1 0) (0 2 0) double peaks were monitored. Under Cu K α radiation the corresponding peaks are located at 28.3° and 33° 2Θ. The intensity of these two double peaks during the first scan was set as maximum intensity in the level plot representation. This short scan range was chosen to omit strong peaks from the polyethylene and Al from the pouch material and current collector. To keep a good time resolution the scan, the time was chosen to be as short as possible (~22 min) while the cell was charged at a low rate of C/16. The charge-discharge behaviour in the pouch cell was somewhat different to the experiments on coin-cells showing an increased charge and a decreased discharge capacity which could be caused by parasitic side reactions due to an inhomogeneous pressure distribution in our in situ cells [41] .
The in situ XRD level plot shows clearly the loss of crystallinity of the LM0.94S @ Xylene cathode during the first charge. The (2 1 0) (0 2 0) double peak disappears at potentials slightly higher than 4 V and a state of charge of about 120 mAh g −1 which corresponds to 0.72 Li per formula unit if side reactions are excluded. The (1 1 1) (2 0 0) double peak diminishes into the background noise at higher potentials of about 4.6 V. During discharge, and in the subsequent cycle, none of the Pmn2 1 peaks reappear; we thus conclude that the amorphisation is irreversible. Interestingly, other peaks appear in the in situ measurement. As shown in the level plot, one sharp double peak or two very close peaks appear at about 11.8-11.9° 2Θ and they seem to be slightly shifted to lower 2Θ angles in the second cycle. Another peak appears in both the first and second charge at potentials of around 4.25 V at 2Θ of about 14.1° but disappears again as the potential is increased. Unfortunately, due to the short scan range and the quality of data none of these peaks could be indexed. Also, one has to consider that any crystallisation occurring in the cell would be monitored since the experiment was performed in transmission mode. To further investigate changes on the cathode and to gain a better signal to noise ratio, the in situ cell was disassembled and the cathode was washed multiple times with DEC to remove LiPF 6 . A diffractogram was recorded from 15 to 75° 2Θ using Cu K α radiation. The results are compared to a fresh electrode and shown in figure 9 .
None of the observed unknown peaks during the in situ measurement were observed on the cycled electrode, making it impossible to conclude the chemical composition of the observed crystallisation and the exact place where it occurs. Alongside the peaks of the Al current collector and the MnO secondary phase, only a weak signal which could be attributed to the (0 1 1) main peak of Pmn2 1 LMS is still visible while all other peaks of the main structure completely disappeared, confirming the irreversible amorphisation of LMS upon cycling.
Conclusions
With liquid-feed flame spray pyrolysis and subsequent post processing, an alternative method which enables preparation of nanoscale LMS/C in large quantities is reported. It was shown that the combustibility of the precursor solution had a major impact on the particle morphology and the resulting electrochemical performance. All prepared samples based on the 5:1 EtOH/P-Xylene solution are believed to exhibit slight Mn sub-stoichiometry. For the nominal and the 6 mole% Mn sub-stoichiometric samples, traces of MnO were the only detectable secondary phase. Further reduction of the Mn concentration caused formation of Li 2 SiO 3 . The highest capacity achieved in this study was 190 mAh g −1 during the first discharge at a charge rate of C/50. At a higher C rate of C/2, the first discharge capacity still exceeded 140 mAh g −1 . Values over 166 mAh g −1 cannot solely be caused by the Mn 2+/3+ redox couple. Also, the high charge capacities suggest activity of the second redox couple (Mn 3+/4+ ) at slow C rates, but the structural collapse does not allow full relithiation during the discharge. The theoretical capacity was not reached even during the charge at low rates, and it can thus be concluded that, to mobilise the second Li ion, not only must the structural instability be overcome, but also electrolytes with a larger potential window are required. All samples in this study showed a prominent irreversible capacity loss between the first charge and discharge and capacity fade caused by the structural instability of LMS. In situ XRD experiments showed that a complete loss of crystallinity already occurs during the first charge. This loss was shown to be irreversible and no XRD peaks corresponding to LMS reoccurred during the discharge and the subsequent cycle. It is concluded that LMS has major shortcomings to be solved before it could potentially become interesting for battery applications, since the ability of delivering two Li per formula unit is not possible in the given potential range without the stabilisation of the structure. Nonetheless, it is noteworthy that in principle the reported synthesis should also be applicable for Li 2 FeSiO 4 which shows more potential as a stable low cost cathode material for Li-ion batteries, as well as other transition metal oxides suitable for battery applications. 
